To determine if cine displacement encoding with stimulated echoes (DENSE) can help to identify and determine the patterns of subclinical myocardial systolic dysfunction in patients with type 2 diabetes mellitus (DM) when compared with cine DENSE in control patients.
Study Population
We prospectively enrolled 60 patients (mean age, 49.9 years; range, 29-66 years) between March 2008 and August 2010. Mean age for the men was 50 years (range, 29-66 years) and for the women, 49.7 years (range, 40-55 years) (P = .48, x 2 test). Among the 60 patients, we included 37 patients with type-2 DM with a mean age of 50.1 years (range, 38-66 years). Mean age of men (50.3 years; range, 38-66 years) and women (49.8 years; range, 46-53 years) with diabetes was not different (P = .69). There was no statistically significant difference between the sexes in patient age (P = .69). The 60 patients also included 23 age-matched normoglycemic control patients with a mean age of 49.0 years (range, ciated with diabetes mellitus (DM) (21) . This pathology is defined as an alteration in cardiac structure and function in the absence of coronary artery disease, hypertension, or other potential etiologic factors (21) . At a preclinical stage, echocardiographic techniques such as tissue Doppler imaging and speckle tracking imaging have suggested subclinical systolic myocardial dysfunction in patients with type-2 DM who do not have patent cardiomyopathy (22) (23) (24) (25) . Such subtle systolic alterations are considered to be early signs of diabetic cardiomyopathy (22) (23) (24) (25) . Although a decrease in longitudinal myocardial strain has been shown in this population, the occurrence of circumferential and radial abnormalities remains controversial, particularly because of the limitations of ultrasonographic (US) techniques (26) .
Because of its improved motion encoding and intrinsic ability to allow assessment of myocardial strain in all three directions, cine DENSE may serve as an alternative clinical tool for quantifying myocardial strains in cardiomyopathy of patients with DM. Consequently, we hypothesized that cine DENSE would show an alteration of myocardial circumferential, radial, and longitudinal function in patients with type-2 DM who do not have overt cardiac disease. Therefore, the objective of this study was to evaluate whether the use of cine DENSE can help to identify and determine the patterns of subclinical myocardial systolic dysfunction in patients with DM compared with healthy control patients.
N
oninvasive assessment of myocardial function based on strain is of growing interest because of its clinical value in the detection of early myocardial dysfunction (1) and stratifying patient prognosis (2) . Cardiovascular MR imaging techniques are considered reference techniques, especially MR tagging, which remains the most widely available and validated cardiovascular MR modality for myocardial strain quantification (3) . Cine displacement encoding with stimulated echoes (DENSE) has been proposed as a method that offers increased spatial resolution related to the pixelwise displacement encoding and more direct computation of displacement (4, 5) . As a result of experimental studies that used phantom and animal models (4, (6) (7) (8) (9) (10) (11) (12) , methodologic and postprocessing implementations have been achieved during the last decade; therefore, cine DENSE seems suitable for use in clinical practice (6) (7) (8) (9) (13) (14) (15) (16) (17) . Thus far, clinical applications of cine DENSE have not been established, and preliminary data have involved a limited number of patients (5, 6, 8, 13, 16, (18) (19) (20) .
Diabetic cardiomyopathy is an important factor in the increased cardiovascular morbidity and mortality asso-
Implication for Patient Care
n Cine DENSE is a motion-encoding MR imaging technique to assess for myocardial strain for detection of early myocardial dysfunction; further research is needed to assess whether the detection of subclinical myocardial dysfunction is of prognostic value, especially in patients with diabetes mellitus.
Advances in Knowledge
n Cine displacement encoding with stimulated echoes (DENSE) MR imaging helps to identify decreases in circumferential, radial, and longitudinal systolic strain in patients with type-2 diabetes mellitus who do not have overt heart disease, compared with age-matched normoglycemic control patients.
n Subclinical circumferential, radial, and longitudinal myocardial dysfunction, as assessed by using cine DENSE, is independently associated with type-2 diabetes mellitus after adjustment for age, sex, hypertension, body mass index, and left ventricular mass. acquisitions. Err and Ecc were assessed on short-axis views at the basal, mid, and apical levels, and Ell was assessed on the two long-axis views. The apical segment was excluded, and the analysis was performed on the remaining 16 LV segments for Ecc and Err and on 12 segments for Ell. Cine DENSE postprocessing was performed on a laptop computer by using adaptive phase unwrapping and spatial filtering techniques (16) (Fig 1) . A step-by-step semiautomated software program was used (DENSEview; National Institutes of Health, Bethesda, Md). In the first step, the initial multichannel complex images were combined into three cine sets encoded in the three Cartesian directions. The operator then manually defined the myocardial wall on the last cine frame by drawing the endocardial and epicardial borders of the LV. In later steps, all phase maps were unwrapped with an adaptive technique, converted to displacement vectors, and spatially filtered. In the next step of tissue tracking, the myocardial pixels were followed over time with displacement vectors. Through this process, manual segmentation of the last cine frame was extended to the other frames. Strain maps and the mean values of strain in each segment were obtained in a text file. The average maximal systolic strain at the three LV levels (base, mid, apex) and the whole-heart mean value for each patient were subsequently calculated.
Intraobserver and Interobserver Variability
To define the variability of the strain measurements, 14 patients (seven patients with DM and seven control patients) were randomly selected. In these patients, cine DENSE analyses were repeated 3 months later by the same observer, and the analyses were performed by a second blinded observer.
Biochemistry
Blood samples were obtained from patients with type-2 DM for biochemical analysis of renal function; electrolytes; triglycerides; total, low density, and high density lipoprotein cholesterol;
MR Imaging Protocol
Cardiovascular MR studies were performed by using 1.5-T whole-body MR imagers (Magnetom Avanto and Sonata; Siemens Medical Solutions, Erlangen, Germany). Cine MR imaging acquisitions were performed to assess LV mass, volume, and ejection fraction. We used breath-hold electrocardiogram-gated steady-state free precession pulse cine sequences in both long-and short-axis views in standard angulations (repetition time, 3 msec; echo time, 1.6 msec; section thickness, 7 mm; at least 20 phases; matrix size, 256 3 184). The short axis imaging covered the whole LV with 8-12 contiguous sections.
Subsequently, a two-dimensional cine DENSE pulse sequence with a short echo train echo-planar imaging readout (breath hold, 15-20 seconds; 20 phases; flip angle, 6 degrees; voxel size, 2 3 2 3 7 mm; echo train length, six; displacement-encoding sensitivities of 0.63-0.84 rad/mm) was acquired in short-axis views at the basal, mid, and apical levels, as well as in two long-axis views (four-and two-chamber views). The short-axis locations were selected on an end-diastolic, two-chamber, and long-axis cine view (16) .
Postprocessing
All analyses were carried out independently by two observers (L.E. and P.C., with 5 and 21 years of experience, respectively) who were blinded to all clinical and biologic data (27) .
LV volume, mass, and ejection fraction were assessed at standard cine MR imaging by using dedicated software (Argus VA50A; Siemens, Erlangen, Germany). The first frame in each series was defined as the end-diastolic frame, and the image with the smallest ventricular volume was defined as the end-systolic frame. For LV ejection fraction calculation, the endocardial and epicardial contours of the end-diastolic and end-systolic frames of the LV were traced.
By using a 17-segment model of the LV (28), we measured the circumferential (Ecc), radial (Err) and longitudinal (Ell) myocardial strains with cine DENSE years), with 47.0 years (29-66 years) and 49.5 years (40-55 years) for men and women, respectively. (P = .98).
Patients with type-2 DM were recruited in the outpatient Department of Endocrinology of our institution if they met the following inclusion criteria: age 35-65 years; oral antidiabetic or insulin treatment; no signs, symptoms, or history of heart disease (cardiomyopathy, coronary artery disease or valvular heart disease); sinus rhythm; left ventricular (LV) ejection fraction greater than 55%; absence of regional LV motion abnormalities assessed by means of cine MR imaging, standard resting echocardiographic results in the reference range, and the absence of contraindications to MR imaging. The exclusion criteria were severe renal failure, defined as a glomerular filtration rate estimated as a modification of diet in renal disease formula result of less than 30 mL/ min/1.73 mm 2 (n = 2); severe, uncontrolled DM, defined as glycated hemoglobin of greater than 12% or glycemia greater than 3 g/L (n = 1); uncontrolled blood pressure at rest, defined as systolic blood pressure greater than 180 mm Hg and/or diastolic blood pressure greater than 100 mm Hg (n = 2). In addition, all patients underwent a maximal exercise electrocardiogram ( 85% of maximum predicted heart rate), or stress echocardiography or myocardial perfusion scintigraphy within 1 month before inclusion. Patients were excluded from the study if silent ischemia was present, defined as a positive stress test.
A group of 23 normoglycemic patients was selected to constitute an agematched control group. In addition, patients were eligible if they met the following criteria: no signs, symptoms, or history of heart disease; LV ejection fraction greater than 55%; absence of regional LV motion abnormalities; standard echocardiographic results in the reference range; sinus rhythm; blood pressure at rest less than or equal to 140/90 mm Hg; and the absence of contraindications to MR imaging. All patients of this cohort underwent twodimensional cine DENSE MR imaging at inclusion.
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Results

Characteristics of the Study Population
The DM patients had a higher body mass index than the control patients did (Table E1 [online]). The systolic blood pressure levels were higher in the DM patients than those in the control patients, although all the levels were in the reference range. A standard cine MR imaging analysis showed a normal LV ejection fraction that was similar were sufficient to calculate the strain value; otherwise, no strain value was obtained. Intraobserver and interobserver variability were assessed by using a Bland-Altman analysis (29) and two-way random intraclass correlation coefficients.
Finally, independent associations between DM and systolic strain values were studied by using a linear regression with multivariable adjustments for potentially confounding factors (eg, age, sex, history of hypertension, body mass index, LV mass, and LV ejection fraction). In a second model, history of hypertension was replaced by systolic blood pressure during the MR imaging examination. Variables associated with a P value less than .10 in simple linear regression were selected to enter the backward selection model. The same analysis was performed in the DM patients to analyze the associations between systolic strain and DM duration, DM imbalance (HbA1C), and glycated hemoglobin. Microalbuminuria was also measured in all DM patients. All patients had fasted and refrained from smoking for 6 hours.
Statistical Analysis
The statistical analysis was performed by using SPSS 17.0 (SPSS, Chicago, Ill). Normally distributed data were expressed as the mean 6 standard deviation, and categorical variables were expressed as numbers and percentages. Baseline data in the two groups were compared by using the unpaired t test for the continuous variables and the x 2 test for the categorical variables. Univariate and two-way analysis of variance were used to determine the effects of disease and LV levels on strain values and to further assess second-order interaction terms between the independent variables.
Feasibility was determined as the number of segments in which the image quality and the signal-to-noise ratio 
Myocardial Systolic Strain Assessment
As shown in Figures 2 and 3 , the patients with DM showed a decrease in global Ecc (214.4% 6 1.6 vs 217.0% 6 1.6; P , .001), Err (36.2% 6 10.9 vs 44.4% 6 9.9, P = .006) and Ell (212.9% 6 2.1 vs 215.5% 6 1.6, P , .001) compared with the control patients. Ecc, Err, and Ell were all significantly lower in the patients with type-2 DM than in the control patients at the three LV levels, except at the apical level for Err. A significant difference between the three LV levels was found for Ecc and Err values in both the patients with DM (P , .001 for Ecc and P = .001 for Err) and control patients (P , .001 for Ecc between the two groups. LV mass was higher in the patients with DM than that in the control patients. The detailed characteristics of patients with type-2 DM are provided in Table E2 (online).
Feasibility and Reproducibility
The average postprocessing time was 5 minutes per section analysis. Strain calculations were feasible with cine DENSE in 909 of the 976 segments (93%) for Ecc, in 819 of the 976 segments (84%) for Err, and in 521 of the 732 segments (71%) for Ell. In the remaining segments (n = 67; [7%], 157 [16%], and 211 [29%] for Ecc, Err, and Ell, respectively), image quality and/or the signal-to-noise ratio were insufficient for calculation of the strain value (ie, no strain value was calculated by DENSEview software).
The intraobserver limits of agreement were 24.5% to 4.3% for Ecc, 212.6% to 11.8% for Err, and 23.1% to 3.5% for Ell. The interobserver limits of agreement were 25.3% Figure 2 Figure 2: Graphs show mean values of maximal systolic strain assessed at cine DENSE MR imaging at basal, mid, and apical levels of LV and in the whole heart (global) in patients with type-2 DM (red bars) and control patients (gray bars). For comparisons of patients with type-2 DM and control patients, P , .05 ( * ) and P , .01 ( ** ). Error bars = standard deviation.
and Err), with a significant decrease of this difference in the patients with DM (DM*level interaction term: P = .02 for Ecc and P = .001 for Err). No difference was found between the three LV levels in Ell in the patients with DM (P = .24) or in the control patients (P = .06).
Segmental and individual values of Ecc, Err, and Ell in both groups are described in Figures E1 and E2 (online) . Twelve of the 16 LV segments showed a decrease in Ecc values in the patients with DM compared with those of the the control patients. Err was mainly decreased in the basal segments. Finally, Ell was altered in all segments except for the inferoseptal segments.
Multivariable Analysis
By multivariable analysis, DM was independently associated with Ecc (b = .017, P , .001), Err (b = 2.058, P = .05), and Ell (b = .014, P = .01) after adjustment for age, sex, history of hypertension, body mass index, LV mass, and LV ejection fraction. When the same model included systolic blood pressure level instead of history of hypertension, the results remained essentially unchanged for Ecc (b = .017, P , .001), Err (b = 2.058, P = .05) and Ell (b = .015, P = .006).
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Ernande et al was independently associated with DM after adjusting for age, sex, history of hypertension, body mass index, and LV mass. The results of this study show that cine DENSE is feasible and reproducible for identifying decreases in myocardial systolic strain in patients with DM. Large epidemiologic studies have showed that DM is a risk factor for heart failure independent of hypertension, coronary artery disease, or other potential etiologic factors (30, 31) . Various adverse effects of diabetes that affect the myocardium have been described in experimental studies, including impaired calcium homeostasis, alteration of substrate use, lipotoxicity, glucotoxicity, mitochondrial dysfunction, increased oxidative stress, and activation of the renin-angiotensin-aldosterone In addition, a multivariable analysis of the DM patients showed that Ecc was not associated with DM duration, HbA1C, cholesterol levels, renal function, microalbuminuria, retinopathy, or medications, although it was associated with the use of b blockers (b = 2.024, P = .01). Neither Err nor Ell was associated with DM duration, HbA1C, cholesterol levels, renal function, microalbuminuria, retinopathy, or medications.
Discussion
In this study, by using cine DENSE, we showed alterations in the three components of myocardial function (ie, Ecc, Err, Ell) in patients with type-2 DM compared with those in control patients. Myocardial dysfunction assessed by using cine DENSE system (21, 32) . Such alterations lead to cardiomyocyte necrosis and apoptosis associated with fibrosis and subsequent myocardial dysfunction, which is called diabetic cardiomyopathy (33) . At an early stage, US techniques for myocardial strain assessment such as tissue Doppler imaging (22, (34) (35) (36) (37) (38) and speckle tracking imaging (23) (24) (25) help show decreases in systolic function in DM patients without patent cardiomyopathy, compared with that in normoglycemic patients. Because of technical issues, longitudinal dysfunction (22, (34) (35) (36) (37) (38) has been well validated by using US techniques. In comparison, the importance of radial dysfunction is more controversial (24, 25, 34, 35) , but circumferential function is largely unexplored, with only preliminary and conflicting data (23, 24) . MR imaging
CARDIAC IMAGING: Systolic Myocardial Dysfunction and Diabetes
Ernande et al silent ischemia. Although detection of coronary artery disease by noninvasive stress tests includes a risk of false negative results, the probability that the patients of our study had a significant coronary stenosis was very low.
Segmental strain values were defined as maximal systolic strain (ie, peak systolic strain) such as those used in previous studies (40) . The measurement of peak systolic strain might be susceptible to noise. However, the use of adaptive spatial filtering has been shown to reduce the noise of strain measurements (16) .
Finally, the patients with DM and control patients were not matched by sex. However, through a multivariable analysis, we showed that DM was independently associated with decreases in Ecc, Err, and Ell function after adjusting for sex.
In conclusion, cine DENSE is a motion-encoding MR imaging technique for myocardial strain assessment with high spatial resolution that allows identification of subclinical myocardial dysfunction in patients with DM. Financial activities related to the present article: none to disclose. Financial activities not related to the present article: Received payment for consultancy from BMS, GSK, Lilly, and Novo Nordisk; payment to author and institution for board membership of BMS-Astra Zenica. Other relationships: Grants/grants pending from Sanofi, author and institution received payment for lectures from Novo Nordisk and MSD; author receive payment for travel and accomodations from Astra Zenica, MSD, Servier, Solvay, and Takeda; Author was a clinical trial co-investigator for Astra Zenica, GSK, Lilly, Merk Lipha, MSD, Novo Nordisk, Novartis, Olympus, Sanofi, Servier, and Takeda. H.W. Financial activities related to the present article: none to disclose. Financial activities not related to the present article: Institution holds a patent on an MR imaging technique; author and instithat is based on tag spacing (5-6 mm), which is different from image resolution. Conversely, the spatial resolution of cine DENSE provides an improved encoding spatial resolution compared with that of MR tagging because the latter corresponds with image resolution (pixel-wise, 1.5-2 mm) (16) . Cine DENSE is a technique based on the modulation of the phase of each pixel according to its position (ie, by using a stimulated echo with a bipolar gradient for displacement encoding) (4) . The phase of the MR signal is proportional to the displacement of the tissue (eg, in the direction of the gradient field). Strain maps can be computed by using the spatial derivative of the measured displacement. A second advantage of this technique is an intrinsic two-or three-dimensional acquisition method (41). In our study, we chose to perform two-dimensional acquisitions to reduce breath-hold durations and to avoid respiratory artifacts. Postprocessing was time consuming when DENSEview software was used, but inline automatic postprocessing is ongoing.
Despite major advantages and the development of the cine DENSE technique, data in humans remain limited (5, 6, 8, 13, 16, (18) (19) (20) . In this study, we showed that cine DENSE is both feasible and reproducible in clinical practice. The intraobserver and interobserver variability were low, but there were higher intraobserver and interobserver limits of agreement of strain values in Err direction compared with those of Ecc and Ell, confirming that Err is more susceptible to noise than is Ecc (3). This might be due to the fewer pixels across the wall compared with the numerous pixels available for Ecc and Ell measurements.
Because coronary angiography was not performed in this study, coronary artery disease could not be explicitly excluded in all patients. However, because of the morbidity and mortality associated with this invasive procedure, coronary angiography was considered unethical in asymptomatic patients without overt heart disease. Consequently, all patients underwent noninvasive stress testing to detect techniques provide reliable assessment of myocardial strain in the circumferential direction, which has the least measurement noise (3) . Consequently, the results of our study of the use of the cine DENSE method confirmed that radial function is decreased in DM patients (25) , but it also showed that circumferential function is altered in DM patients compared with normoglycemic patients. Furthermore, decreases in Ecc, Err, and Ell strains were independently associated with DM after adjustment for confounding factors, such as age, sex, history of hypertension, body mass index, and LV mass.
To our knowledge, researchers of only one published study investigated myocardial deformation in patients with DM by using MR tagging and have identified decreases in Err and Ell strains (39) . However, that study included patients with severe diabetes and diastolic abnormalities, diabetes imbalance (HbA1C, 9.3% 6 1.7), and diabetes complications and did not include an assessment of radial function. In addition, silent ischemia was not excluded in that population (39) . In our study, we explored the sensitivity of cine DENSE for identifying myocardial dysfunction and enrolled an unselected group of patients with type-2 DM who did not have overt heart disease. In addition, we excluded patients who had experienced silent ischemia during the month before inclusion on the basis of the results of a noninvasive stress test. We showed an alteration in the circumferential, radial, and longitudinal functions in this DM group compared with those of age-matched normoglycemic control patients. By using cine DENSE, we extended and confirmed previous observations of alterations in longitudinal and radial strains with US techniques in DM patients, whereas previous studies have described the preservation of (24) and increase in radial function (35, 36) to compensate for decreased longitudinal function.
MR tagging is currently considered the reference standard technique for myocardial strain assessment (3). However, MR tagging has an intrinsically limited encoding spatial resolution
